Abstract. Land surface hydrology is an important control of surface weather and climate. A valuable technique to investigate this link is the prescription of soil moisture in land surface models, which leads to a decoupling of the interaction between the atmosphere and land processes. Diverse approaches to prescribe soil moisture, as well as different prescribed soil moisture conditions can be envisaged. Here, we compare and assess three methodologies to prescribe soil moisture and investigate the impact of two estimates of the climatological seasonal cycle to prescribe soil moisture. This can help to guide the set up 5 of future experiments prescribing soil moisture, as for instance planned within the "Land Surface, Snow and Soil Moisture Model Intercomparison Project" (LS3MIP). Our analysis shows that, though in appearance similar, the different approaches require substantially different long-term moisture inputs and lead to different temperature signals. The smallest influence on temperature and the water balance is found when prescribing the median seasonal cycle of deep soil liquid water, whereas the strongest signal is found when prescribing soil liquid and soil ice using the mean seasonal cycle. These results indicate that 10 induced net water-balance perturbations in experiments investigating soil moisture-climate coupling are important contributors to the climate response, in addition to the intended impact of the decoupling.
In previous studies (Koster et al., 2006; Lorenz et al., 2012; Seneviratne et al., 2013 ) SM in CLM was prescribed by setting ICE and LIQ individually to the predefined values at each time step (see Figure 1 (a) ). This technique will be referred to as PRES_LIQ+ICE.
We propose an alternative approach where we prescribe only LIQ, while no modifications are applied to ICE (PRES_LIQ).
LIQ is prescribed starting from the uppermost soil level, and then further down until either the soil bottom is reached, or until 5 a layer with soil temperature at or below 0
• C is found (see Figure 1 (b) ). This follows the methodology employed in the (optional) irrigation module of CLM (Oleson et al., 2013) . We prescribe climatological total SM (LIQ + ICE) and not only the climatological LIQ.
Following an approach presented in Douville (2003) and also used in Koster et al. (2006) , we furthermore test a similar methodology as in PRES_LIQ, but without prescribing the topmost soil layer, (Figure 1 (c) , hereafter named PRES_LIQ_DEEP).
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Whereas in the other prescription approach the land-atmosphere coupling is entirely removed, this allows for a limited feedback between the soil and the atmosphere. Even though the topmost layer is only 2.8 cm thick, it controls bare-soil evaporation, which forms a significant part of the total evapotranspiration. Additionally, SM in the topmost layer -in contrast to the deep(er) soil layers -may not be well predictable as it does not have its considerable inertia and memory (Koster and Suarez, 2001; Seneviratne et al., 2006a; Orth and Seneviratne, 2012) .
15
For all three methods the hydrology in CLM4 is still active -SM is removed by root extraction and drainage and added by infiltration. However, at the end of each time step, this interactively calculated SM is overwritten and set to the target value. We record the difference of the interactively computed SM and its target value as the water-balance perturbation. If it is positive, the algorithm has artificially 'added SM', while it has 'removed SM' if the difference is negative.
Finally, we have to choose the time resolution of the SM dataset. We considered four possibilities: (1) monthly data with 20 linear interpolation to daily mean values (2) daily mean values, (3) daily mean values with linear interpolation to every model time step and (4) instantaneous values at every model time step. In this study we use daily mean values as a compromise between the coarse monthly resolution and subdaily values which may show too much variability.
Overview of the Experiments
All simulations (Table 1) We perform five simulations with prescribed SM that differ in the method to prescribe SM (Section 2.2 and Figure 1 ), and the target SM climatology. In the simulations with prescribed SM, we also prescribe sea surface temperatures (SSTs)
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and sea ice from REF to suppress impacts from changed SSTs in response to the prescribed SM. The first two simulations (PRES_LIQ_MEAN and PRES_LIQ_MEDIAN) use the new SM prescription scheme described above with mean and median climatologies, respectively. The third simulation, PRES_LIQ_DEEP_MEDIAN, also uses the new prescription scheme but leaves the first layer interactive. In the fourth and fifth simulation (PRES_LIQ+ICE_MEAN and PRES_LIQ+ICE_MEDIAN), we prescribe LIQ and ICE and also compare mean and median SM climatology. In our analysis we concentrate on the simulations that do not prescribe ICE because this technique leads to large, unrealistic surface temperature anomalies (see Section 3.2.2). The daily mean and median SM climatologies only differ if the inter-annual SM values are not symmetrically distributed. As an example, Figure 2 (a) shows the SM distribution for the topmost 10 cm of the soil, for an exemplary location and day of the year (a grid point in Spain for the 29. of August). Due to outliers on the wet end of the distribution, the median is 0.8 mm smaller than the mean. This corresponds to a difference of -4.4%, which is equal to the median relative difference across all 10 summer days at this grid point.
Results and Discussion

Soil Moisture Climatology
In Figure 2 (b) and (c), we focus on the three hottest consecutive months of the year, as we expect SM differences in these months to have the largest temperature impact. The hottest months of the year are determined from REF. On land in the mid-and high latitudes these three hottest consecutive months generally correspond to summer (JJA (DJF) in the Northern (Southern) Hemisphere, Figure S1 ). Globally, the largest relative differences are found in the uppermost 10 cm of the soil 15 (Figure 2(b) ). Regions for which the median is drier than the mean include Australia, North Africa, the Mediterranean, and Western America, while it is wetter in Central Africa, Central Europe, Western Asia and Central North America. Negative differences are generally stronger than positive differences. In contrast to these large relative SM differences in the top 10 cm. In depths between 10 cm and 100 cm (Figure 2(c) ), and from 100 cm to 380 cm (not shown), the relative differences are generally below 2%. The absolute differences, however, are higher for deeper soil levels, as these are thicker. A difference 20 between the mean and median climatologies in the topmost 10 cm of the soil is not only a feature of CESM but it is also evident in other models participating in GLACE-CMIP5 ( Figure S2 ).
Daily vs. Interpolated Monthly Soil Moisture
In this study we prescribe daily mean/ median SM values whereas some previous studies used daily values obtained from a linear interpolation of monthly means (e.g. some simulations from the GLACE-CMIP5 experiment, Seneviratne et al., 2013) .
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Here we compare the differences between mean versus median seasonal cycle of SM, and between true daily and daily in- minimum. In addition, the monthly means derived from the interpolation (orange dots) are not equal to the true monthly means derived from the daily time series. In contrast, the annual mean of the daily and monthly interpolated values are equal.
We show the mean absolute differences of the warm season months between true daily and interpolated SM values in Figure 3 (b) and (c). While the difference is generally smaller than between mean and median SM climatologies, it is comparable in some regions such as the Sahel, Southern Africa, and Australia (c.p. Figure 2(b) ). For the depth intervals 10 cm to 100 cm, and 5 100 cm to 380 cm (not shown), the relative difference is generally below 2%. In contrast to the difference between the mean and median SM climatologies, positive and negative deviations between daily and interpolated monthly SM climatologies compensate when integrated over time. This analysis shows that other methodological differences apart from using mean or median seasonal cycle may (regionally) cause important implications. 
Temperature Response
Prescribing Soil Liquid Only
In this section, we investigate the influence of the SM prescription methodologies on surface air temperature. 
Prescribing Soil Ice
In this section we analyse PRES_LIQ+ICE_MEAN and PRES_LIQ+ICE_MEDIAN, i.e. the simulations that prescribe ICE.
Prescribing ICE leads to a similar anomaly in global land mean temperature in the 1971 to 2000 period than prescribing LIQ only (PRES_LIQ+ICE_MEAN: -0.8 Figure S4 ). However, these land temperature differences increase strongly toward the end of the 21st century ( Figure S5 ) in contrast to the simulations without 30 prescribed ICE. As the climate and hence the soils warm, the soil ice melts, and, as the ICE climatology is based on the time period 1971 to 2000, more soil ice is prescribed. Consequently, melting occurs during every modelling time step and the soil 6 Geosci. Model Dev. Discuss., doi:10.5194/gmd-2016 Discuss., doi:10.5194/gmd- -209, 2016 Manuscript under review for journal Geosci. Model Dev. Published: 27 October 2016 c Author(s) 2016. CC-BY 3.0 License.
ice is re-prescribed at the end of the time step, thereby constantly cooling the surface and hence near-surface temperature.
Thus, prescribing soil ice leads to a strong disturbance of the model's energy balance. This is also evident in the large ground heat flux anomalies of the simulations with prescribed ICE (more than 10 W m −2 locally and 1.9 W m −2 globally for 2070 to 2099, not shown). As the climate warms, there is an increasing land area where the air temperature is no longer consistent with a frozen ground, thus the land mean temperature anomaly increases with time. The largest temperature signal occurs locally in 5 the mid-and high latitudes. However, non-local effects due to heat advection and/ or altered atmospheric circulation can not be excluded.
Note that most climate models, for instance within GLACE-CMIP5, do not prescribe ICE and thus do not suffer from this problem. However, ICE was prescribed in CESM in earlier studies (Koster et al., 2004; Lorenz et al., 2012; Seneviratne et al., 2013 ). This may have caused an increased temperature perturbation that does not affect the main conclusions of these studies. 
Amount of Prescribed Soil Moisture
SM is usually prescribed to suppress the land-atmosphere coupling. This comes at the cost of water balance perturbations. To , respectively ( Figure S6 and Figure S7 ). This is about three quarters of the global land mean precipitation in REF. However, the net water balance perturbation is much smaller because positive and negative perturbations tend to compensate when integrated over the entire soil column. A large amount of water is usually removed 20 from the uppermost soil layers because rain infiltrates the topmost soil layer but has not enough time to reach deeper soil layers before this wet SM is replaced with a (usually) drier climatological value at the end of the time step. Consequently, the deeper layers are too dry and water is added by prescribing the climatological SM.
For these reasons we focus on the net water balance perturbations in this Section. In PRES_LIQ_MEAN (Figure 5 southern Brazil and parts of Africa. Interestingly, the regions with large amounts of net added SM coincide with regions where we find the strongest TXx reductions in Figure 4 . To set these water-balance perturbations into perspective, we scaled the amount of net SM changes by the annual mean precipitation at each grid cell ( Figure 5 (d) for PRES_LIQ_MEAN) . In many regions, the net water-balance perturbation is more than 30 % of the annual mean precipitation amount ( Figure 5 (d) ).
Not surprisingly, we find the largest relative changes in regions with large absolute SM changes, but also regions with small 30 precipitation amounts (Sahara, Arabian Peninsula).
Simulations with prescribed median SM generally display smaller water-balance perturbations. In PRES_LIQ_MEDIAN (Figure 5 (b) and (e)), the net water-balance perturbation is generally below 200 mm year ). Note that in individual years, the water balance perturbations can be larger ( Figure S8 (a) ). Until the middle of the 21st century these perturbations are relatively constant for all three simulations and decrease thereafter. Thus, the small negative anomalies in PRES_LIQ_MEDIAN and PRES_LIQ_DEEP_MEDIAN become about -45 mm year . This is caused by increased rain-10 fall over land, which is only partially compensated by increased evapotranspiration (Figure S8 (b) and (c)). As the mean SM climatology is generally wetter than the median climatology, this wettening brings the interactively computed SM closer to the mean climatology, such that less water balance perturbations are introduced by the SM prescription. Consequently, there is also an increase in global land mean total SM in REF ( Figure S8 (d) ) in the CESM model. Note that this stands in contrast to other models (Berg et al., 2016) , which mostly display drying trends over land. In these models, the water-balance perturbation 
Conclusions
Soil moisture is commonly prescribed in Earth System Models to study the interplay of the land surface with weather and 20 climate. As other types of sensitivity experiments (e.g. prescribing sea surface temperatures), this approach introduces perturbations, in particular to the land water balance, because it artificially removes rainwater that infiltrates the soil and replaces water in the soil that is lost via evapotranspiration and drainage. It is important to be aware of these perturbations because they induce changes in the surface climate and constitute a substantial fraction of the climate response to the prescribed soil moisture conditions. Thus, two distinct experiments investigating the impact of soil moisture-climate interactions may come to 25 different conclusions as they use different approaches to decouple the land surface. Whereas estimating this coupling strength without perturbing the water balance is not possible, we investigate different techniques in this study with respect to their water balance perturbations and the resulting climate changes.
We implement and test three approaches to prescribe soil moisture, and use two methods to estimate the soil moisture climatology (mean and median) in the Community Earth System Model (CESM) with its land component, the Community Land
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Surface Model (CLM). We show that the mean and median soil moisture climatologies differ, with the most notable relative differences in the uppermost soil layers. This difference is also observed in other Earth System Models within GLACE-CMIP5.
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The first method to prescribe soil moisture that was originally developed for CESM/ CLM does not only prescribe soil liquid water but also soil ice (simulations contributing to GLACE experiments, e.g. Koster et al., 2006) . This leads to large anomalies in the ground heat flux and the global mean temperature, especially toward the end of the 21st century, and is therefore generally not recommended. We propose an alternative methodology where no soil water is prescribed if the soil temperature in a particular layer is below freezing point, and only soil liquid water is prescribed otherwise. This method remedies the 5 large global mean temperature and ground heat flux bias of the first method, while it still allows to mute the land-atmosphere coupling. For this method, we compare the difference between using the mean and the median soil moisture climatology. When prescribing the mean climatology, large net water balance perturbations arise (global land mean of 50 mm year For comparison, we furthermore test another well-established method (Koster et al., 2004; Douville, 2003) to prescribe soil moisture where the topmost soil layer is computed interactively and soil moisture is only prescribed in the lower layers. Results with this method are very similar to the findings with the new method described above. Due to the interactive top layer, the 20 water-balance perturbation, and also the temperature signal are slightly smaller.
In Table 2 , we summarize the impacts of the soil moisture prescription techniques tested in this study. As the land-atmosphere coupling is removed in all experiments in this study, the observed differences in the temperature signals are solely related to differences between the induced water balance perturbations. While these perturbations are inevitable for suppressing the land-atmosphere coupling, our results suggest that the role of these perturbations for the resulting temperature signal is not 25 negligible. Hence, not the entire temperature signal can be attributed to the land-atmosphere coupling. This problem can be addressed by prescribing the median SM climatology, which helps to reduce water balance perturbations because of the nonsymmetrically distributed SM in many regions.
Code Availability
The used code is available at https://github.com/IACETH/prescribeSM_cesm_1.2.x, where the documentation is linked. The 30 code is released under a MIT license. Revision 67cf64 has been used to conduct the experiments. Note that the model framework (and code) of CESM/ CLM is necessary to compile and use the code given in the repository. Water-balance perturbation as output We recommend to output the amount of water that is added/ removed by the algorithm as this may help to disentangle the water-balance perturbation and the land-atmosphere coupling.
Prescribing soil ice Prescribing soil ice leads to large temperature and ground heat flux anomalies. To prevent such anomalies when prescribing soil moisture it should be ensured that the ice (or water to ice ratio) can evolve freely. If soil ice should nevertheless be prescribed, using a running median of soil ice and liquid of the control simulation will lead to the smallest perturbations.
14 Geosci. Model Dev. Discuss., doi:10.5194/gmd-2016 Discuss., doi:10.5194/gmd- -209, 2016 Manuscript under review for journal Geosci. Model Dev. and ICE values, respectively. In our study the target is the 30-year mean or median seasonal cycle, however, other targets are possible, e.g. a specific year.
